[1] The well-known model for the critical taper of an accretionary wedge includes overpressure as a first-order parameter. Fluid overpressures reduce frictional resistance at the base of a wedge but they also act as body forces on all material particles of the wedge, in addition to that of gravity. By means of sandbox modeling, many workers have tried to verify the predictions of the critical taper model, but few of them have so far incorporated true fluid pressures. We have used scaled experiments, in which compressed air flows through sand packs, so as to model the deformation of overpressured wedges. A new apparatus provides for a horizontally varying fluid pressure, for example, a linear variation, as in the critical taper model. We have done three series of experiments, involving horizontal shortening of homogeneous or multilayered sand models for various gradients of fluid pressure. As predicted by the critical taper model, the apical angle of the resulting wedge depends on the overpressure gradient. In homogeneous sand at a high overpressure gradient, deformation becomes diffuse and looks ductile. In multilayered models, detachments form beneath layers of low permeability, so that thrusts propagate rapidly toward the undeformed foreland. The efficiency of a detachment and its ability to propagate depend not only on the fluid pressure but also on the permeability ratios between the various layers.
Introduction
[2] Thin-skinned thrust belts and accretionary wedges form by horizontal shortening and vertical thickening of sedimentary strata, in response to horizontal compression, for example at convergent plate margins (Figure 1 ). Thrust faulting is the main mechanism of deformation. If the rock fails according to a Coulomb frictional criterion and its cohesion is small, it can be shown theoretically that the wedge will adopt a triangular shape [Davis et al., 1983; Dahlen, 1990] . The apical angle of the wedge depends on both the internal and basal resistances to frictional sliding. In many natural examples, a small apical angle and a wide spacing of internal thrusts suggest a small resistance to sliding at the base. This may due to (1) an unusually low coefficient of friction, (2) a ductile layer (e.g., salt), which deforms slowly [Davis and Engelder, 1985] , or (3) fluid overpressure, which carries part of the vertical load, so reducing the frictional resistance [Hubbert and Rubey, 1959] .
[3] Accretionary wedges and thrust belts are mechanically similar, but they differ according to the age and history of accreted sediment [J. C. . True accretionary wedges form in submarine settings, next to subduction zones. Good active examples are the Barbados wedge [Moore et al., 1988 [Moore et al., , 1995 Brown and Westbrook, 1988; Shi and Wang, 1988; Bekins et al., 1994; Moore and Tobin, 1997; Maltman et al., 1997; Bangs et al., 1999; Henry, 2000] , the Nankai wedge [G. F. Taira et al., 1992; Saffer and Bekins, 1988; Bangs et al., 2004] , the Makran [Minshull et al., 1992; Kopp et al., 2000; Schlüter et al., 2002] and the Cascadia wedge [J. C. . Over the last few decades, the Ocean Drilling Program (ODP) and others of a kind have investigated accretionary wedges, so as better to understand fluid circulation and its interaction with detachment zones. In the Nankai wedge, drilling succeeded in penetrating the main detachment, revealing a high porosity in the underthrust sediment [Taira et al., 1992] . In the Barbados wedge, high pore fluid pressures were estimated from both consolidation tests and logging data [Moore et al., 1995] . Moore and Tobin [1997] have estimated that fluid pressures are close to the lithostatic stress, from a depth of 200 m below sea level, down to the main detachment at 300 m ( Figure 2) . Bangs et al. [1999] have shown that the detachment propagates along a layer of radiolarian-rich Miocene mudstone, 30-40 m thick, which has anomalously high values of porosity (up to 70%) and fluid content, probably as a result of overpressures. Independent evidence for overpressure is provided by the widespread occurrence of mud volcanoes [Brown and Westbrook, 1988] .
[4] In accretionary wedges, overpressures arise through various mechanisms. At the front of a wedge, young sediment is saturated with water [Maltman et al., 1997] . It may be subject to strong compaction ( Figure 1 ). As the solid framework collapses, pore water is expelled. In mudstone, which has low permeability, the expulsion is slow, so that fluid pressures build up to high values, close to the lithostatic pressure [Moore et al., 1995; Moore and Tobin, 1997] . This process is known as disequilibrium compaction. In contrast, highly permeable layers (such as sand) act as drains, so that fluid pressures remain closer to hydrostatic.
[5] Disequilibrium compaction is less important at the back of an accretionary wedge, and in onland thrust belts, where sediments are older and, for the most part, already lithified. However, overpressures may also arise through chemical transformations. One such transformation is smectite to illite [Moore et al., 1988; Moore and Vrolijk, 1992; Bekins et al., 1994 Bekins et al., , 1995 Osborne and Swarbrick, 1997; Swarbrick et al., 2002] . This is thought to be efficient when temperatures reach 70-150°C [Swarbrick et al., 2002] . It releases not only free water, but also solutes, some of which may precipitate within pore spaces, decreasing the permeability. Another important transformation is of organic material to methane or other hydrocarbons [Brown and Westbrook, 1988; Moore et al., 1988; Cobbold, 1999; Henry, 2000; Swarbrick et al., 2002; Echevarria et al., 2003] . Many workers have found traces of thermogenic methane in the frontal detachments of accretionary wedges [Moore and Vrolijk, 1992] . The inference is that hydrocarbons generate at the back of the wedge and that fluids flow rapidly along the detachment [Henry, 2000] . The high thermal flux measured in the Barbados and Nankai accretionary wedges is suspected to cause hydrocarbon generation and even cracking of oil to gas [Taira et al., 1992; Henry, 2000] .
[6] As a result of all these mechanisms, the pore fluid pressure is expected to increase with depth and therefore with distance along the base of a wedge. Many numerical models have predicted such an increase, for a thickening wedge [Shi and Wang, 1988; Bekins et al., 1995; Saffer and Bekins, 1988] . As a first approximation, it is reasonable to assume that the increase is linear, although in reality it may be more complex.
[7] In the well-known theory of critical taper, overpressure is a first-order parameter, and it is assumed to vary linearly with depth [Davis et al., 1983; Dahlen, 1984; Dahlen et al., 1984; Dahlen and Barr, 1989; Dahlen, 1990] . One way to verify the general predictions of the theory is by sandbox modeling [Davis et al., 1983; Malavieille, 1984; Mulugeta, 1988; Colletta et al., 1991; Liu et al., 1992; Mulugeta and Koyi, 1992; Lallemand et al., 1994; Gutscher et al., 1996 Gutscher et al., , 1998a Gutscher et al., , 1998b Storti et al., 1997; Couzens-Schultz et al., 2003; Lohrmann et al., 2003; Ellis et al., 2004; Adam et al., 2005] . The results have borne out one important theoretical prediction that small shear stresses at the base of the wedge result in a small apical angle. To obtain sufficiently small shear stresses, some experimenters have resorted to a thin layer of silicone putty, a low-friction granular material, or even a smooth plate at the base of the model.
[8] The use of true pore fluids in quantitative sandbox modeling is a more recent development. Cobbold and Castro [1999] showed that it was feasible to use compressed air for this purpose and Cobbold et al. [2001] applied the new technique to the formation of thrust wedges. Mourgues and Cobbold [2003] showed how seepage forces, due to fluid overpressures, modify stress orientations and the dips of normal faults. Cobbold et al. [2001] verified that fluid overpressure modifies the apical angle of a thrust wedge and they also showed that layers of small permeability (fine sand or loess) promote detachments. However, for practical reasons, they sectioned their models horizontally, not vertically, and this led to a significant lack of resolution in the description of internal structures. Moreover, in their apparatus, fluid pressure was uniform at the base of the model. Such a simple boundary condition would appear to be unrealistic for wedges in nature.
[9] We have therefore modified the experimental apparatus. The new configuration provides for vertical sectioning and for a horizontally variable fluid pressure at the base of the model. After a preliminary discussion of the effect of fluid pressure in the critical taper model, we introduce the new apparatus. Then we describe three series of experiments, which involved horizontal shortening of homoge- 
Effects of Fluid Pressure in the Critical Taper Model
[10] In the critical taper model [Davis et al., 1983; Dahlen, 1990] , the parameter l provides a dimensionless measure of fluid pressure:
Here P is the fluid pressure, r w is the density of water, and D is the depth of the submerged wedge ( Figure 3) . If the fluid is in a hydrostatic state and has a density of 1000 kg m À3 , whereas the saturated rock has an average density of 2500 kg m
À3
, then l = 0.4. Some authors [e.g., Shi and Wang, 1988; Saffer and Bekins, 1988] prefer to use the parameter l * , which more directly reveals an abnormal pressure:
Here Pj h is the hydrostatic part of the total fluid pressure, so that l * > 0 expresses an overpressure. In the critical taper model, it is convenient to distinguish l, the fluid pressure in the body of the wedge, from l b , the fluid pressure on the basal detachment. For a noncohesive wedge, there is an exact solution, which relates the angle of taper to the orientation of the internal stress [Dahlen, 1990, equation 74] :
Here, a is the dip of the upper surface of the wedge; b is the dip of the basal detachment; and y o and y b are the angles between these two surfaces and the greatest principal stress (Figure 3 ). Equation (3) represents a self-similar solution, in which the angles above are constant throughout the wedge, as are the values of l and l b . Equation (3) may be written more explicitly, in terms of fluid overpressures and material properties, both within the wedge and at its base, but the form is complex.
[11] Dahlen [1990, equation 86] has also derived an approximate and more explicit expression for a noncohesive submerged wedge, which has a narrow taper and an efficient detachment at its base, so that
, where m and m b are the coefficients of internal friction in the wedge and on the detachment:
Here r is the bulk density and f is the angle of internal friction of the material, so that m = tan f.
[12] In the exact solution (3), the angle of taper decreases, as the internal and basal overpressures increase together (Figure 4a ), or as the basal overpressure alone increases (Figure 4b ). In contrast, the angle of taper increases, as the internal overpressure alone increases (Figure 4c ). On comparing the approximate solution (4) to the exact solution (3), we see that they are almost identical, for moderate overpressures and for angles of taper smaller than 4° (Figure 4c ). The results show that the overpressure on the detachment and the overpressure within the wedge have somewhat different mechanical effects. In equation (4), an increase in l b reduces the numerator, by reducing the effective coefficient of friction on the detachment to a value of
, whereas an increase in l reduces the denominator, but in a different way and to a significantly greater extent. To illustrate the difference, we have again plotted the angle of taper as a function of fluid pressure (Figure 4c , gray curves), but this time we have taken m 0 = m (1 À l) as a measure of internal friction for the material in the wedge. The resulting curves are noticeably higher than the true ones, showing that the measure is inadequate.
[13] The effect of l on the stability of a wedge is due to seepage forces, in other words, gradients of fluid overpressure [Dahlen, 1990; Mourgues and Cobbold, 2003] . The fluid pressure at a point M (x, z) in the wedge is the sum of a hydrostatic pressure Pj h and a nonhydrostatic part Pj nh :
Figure 3. Main elements of the critical taper model for a submerged wedge (modified after Dahlen [1990] with permission from the Annual Review of Earth and Planetary Sciences, volume 18 # 1990 by Annual Reviews, www.annualreviews.org).
In terms of effective stresses, the equations of equilibrium are
Here s 0 is the effective stress tensor, the subscripts denote Cartesian tensor components, and r = (1 À f p )r s + fr w is the bulk density, where f p is the porosity and r s is the solid density. Using equation (5), taking references axes that are parallel and perpendicular to the upper surface of the wedge, and neglecting the third dimension (Figure 3 ), equations (6) become
Here r 0 = (1 À f p )(r s À r w ) is an effective density, which takes into account the buoyancy. The three forces acting on each element of the solid matrix are (1) weight,
[14] In the critical taper model, l (or l * ) is assumed to be constant in the wedge. This assumption means that @P/ @xj nh = 0. In other words, the isobars for the nonhydrostatic part of the fluid pressure gradient are parallel to the surface ( Figure 5 ). If the fluid is in a hydrostatic state, l = 0.4 (l * = 0), seepage forces vanish, and the equations of equilibrium (7) are the same as those for a dry wedge of density r 0 . Immersion of the wedge will not change its stability. In contrast, if l 6 ¼ 0.4 (l * 6 ¼ 0), seepage forces act in a direction perpendicular to the surface slope. They change the stability of the wedge, by modifying the value and orientation of the resultant body force ( Figure 5 ).
[15] Overpressures on the basal detachment and overpressures distributed within the wedge have different mechanical effects. In analogue models, a small basal friction can be obtained by using silicone putty, slippery granular media, or smooth basal plates. However, in order to reproduce the body forces due to overpressures in the wedge, it is necessary to use a pore fluid. [2001] injected compressed air into sandbox models from below, generating vertically uniform gradients of overpressure. The scaling of such experiments is based on the equations of equilibrium in term of effective stresses (equations (6)). Each parameter of these equations can be written as a product of a dimensionless quantity (denoted by asterisk) and its reference value (denoted by subscript zero):
The dimensionless numbers s 0 /L 0 r 0 g 0 and P 0 /L 0 r 0 g 0 must be the same in the model and in the natural prototype. Thus the scaling ratios are
In conclusion, fluid pressure and effective stress scale in the same way. So do seepage forces (F s = rPj nh ) and gravitational forces (F w = (1 À f p )r s g and F a = À(1 À f p )r w g). This lays the foundation of scale modeling involving pore fluid [Cobbold et al., 2001] .
[17] To obtain a time ratio for their experiments, Cobbold et al. [2001] referred to Darcy's law, which expresses steady fluid flow in a porous medium in response to an overpressure gradient (equation (A9), Appendix A). However, the deformational properties of sand are independent on time. Also, seepage forces do not depend on the rate of fluid flow. They reflect only on the abnormal pressure gradient (F s = rPj nh ). Under these conditions, a suitable choice of permeability sets the time ratio. On the other hand, if we want to model transitory phenomena, such as the production or dissipation of overpressure, the problem becomes more complex. In fact, it is not practical to model these phenomena by using water or air as a pore fluid in sand (Appendix A). The reference time for diffusion of pressure in a model a few centimeters thick is around 10 À3 s. So, if the rate of deformation of a model is a few centimeters per hour, no overpressure will develop. In other words, the fluid will flow as if in a steady state. The distribution of overpressure in the model will depend only on the boundary conditions. Under these conditions, there is no difference between using water as a pore fluid or using air. Nevertheless, for practical reasons, it is easier to use air.
[18] We assume that the wedge deforms in a purely brittle way, according to the Coulomb yield criterion:
Here t f and s n 0 are the shear stress and the effective normal stress acting on a fault. The coefficient of internal friction m is dimensionless. In contrast, the cohesion c has the dimensions of stress and scales accordingly. If we wish to study a natural system, which is 3 km thick and has a bulk density of r = 2500 kg m À3 and a cohesion of about 10 MPa [Cobbold et al., 2001] , by means of a model, which is 3 cm thick and has a density of r = 1500 kg m À3 , our model material must also have a cohesion of around 60 Pa. Dry sand, which indeed has a small cohesion, is a good analogue material for this purpose [Cobbold and Castro, 1999] .
Experimental Apparatus and Boundary Conditions
[19] In the critical taper model, l * is assumed to be constant in the wedge. This means that the overpressure increases linearly, both with depth and along the base of the wedge, so that the isobars for overpressure are parallel to its upper surface ( Figure 5 ). This is also a good first approximation to what happens in nature. We have therefore devised a simple apparatus for reproducing it. In this apparatus, there is a steady source of overpressured fluid beneath the model, but not within it. As a result, the overpressure increases linearly with depth and Darcy flow occurs within the model.
[20] Cobbold et al. [2001] built their models in a rectangular box. The sides were of transparent plastic material and the bottom was a sieve. The latter rested on a pressure chamber, which provided a uniform fluid pressure at the base of the model (Figure 6a ). This uniformity was probably unrealistic.
[21] In a homogeneous sand model, if the basal fluid pressure is constant, the isobars should form a characteristic fan (Figure 6b ), so that l* decreases by 50% toward the back of the wedge (Figure 6c) . To avoid such a decrease, we modified the apparatus. As before, the models lie in a rectangular box (20 cm by 30 cm). However, to reduce lateral friction, the sides are of glass. The box rests on an array of tubes, 20 cm wide, 1.7 cm thick and 30 cm high (Figure 6d ). The array lies on a pressure chamber, which provides a uniform pressure at the base of the tubes. The tubes are full of sand and they serve as buffers, which regulate fluid flow between pressure chamber and model. Where the model is thicker, the fluid pressure at its base is higher (Figure 6e) . In other words, the fluid pressure varies laterally, according to the total thickness of the model. The ratio l* is nearly constant throughout the wedge (Figure 6f) , as assumed by Dahlen [1990] for his critical taper model.
Materials
[22] Following Cobbold et al [2001] , we used sieved fractions of Fontainebleau sand, of various grain sizes (labeled sands 1, 2, and 3). They had different values of permeability (Table 1) . Between coarse and fine sand, the permeability ratio was about 4:1. In natural environments, the permeability may vary by several orders of magnitude, from 10 2 darcy, for sandy sediment, to 10 À6 darcy or less, for shale. In analogue experiments, it may not be possible to reproduce such a variation in permeability, while respecting the conditions for proper dynamic scaling. The problem is that as the grain size of sand decreases below 50 mm, the cohesion increases, because of humidity and electrostatic attraction. We discuss the effects of such a low permeability ratio in section 5.
[23] Cobbold et al. [2001] measured the yield envelopes for various fractions of sand. They determined a coefficient of internal friction, ranging from 0.45 (sand 1) to 0.57 for poured or loose sand (sand 2). They also found that the cohesion increased with the grain size, from zero for sand 3, to 160 Pa for sand 1. As shown by Mourgues and Cobbold [2003] , those values of internal friction were underestimated and the cohesion was overestimated, because the experimenters neglected sidewall friction in their shear test apparatus. We now know that the three fractions have similar angles of internal friction, but different values of cohesion. In fact, the coarse sand (sand 1) is on the whole slightly more resistant than sands 2 and 3.
[24] In sandbox models involving high fluid pressure, effective stresses are as small as a few Pascal. Mourgues and Cobbold [2003] devised shear tests and extensional tests, involving pore fluid, so as to measure the yield envelope for medium-grained Fontainebleau sand (sand 2) at very small effective stresses (>5 Pa). For sifted dense sand, they showed that the cohesion was negligible and the coefficient of internal friction was large. For normal stresses larger than 30 Pa, the coefficient of internal friction was between 1.4 and 1.5, and the yield envelope was straight. For normal stresses smaller than 30 Pa, the coefficient reached a maximal value of 2.5, as the yield envelope curved toward the origin.
Experimental Results
[25] We completed three series of experiments. Each model was initially 3.5 cm thick. A sliding piston deformed 
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the upper part of the model, down to 2.5 cm. The piston speed was 20 cm/hour and the displacement was limited to 10 cm. Although the speed may seem high for analogue modeling, it is extremely low in comparison with the diffusion time (1 ms) for fluid pressure in the model (see section 3.1 and Appendix A). As a result, it is reasonable to estimate the overpressure distribution in the model, by assuming steady flow at any instant in time. However, so far we have not been able to monitor fluid pressure within the sand models.
[26] In each series of experiments, models deformed under conditions of (1) no overpressure, (2) medium overpressure, or (3) high overpressure. By medium pressure, we mean that l* = 0.6 at the base of the upper part which deformed. For high overpressure, l* = 0.8. The uncertainty on l* is 0.05, because of possible leakage of fluid between pressure chamber and model.
Series A
[27] Series A was designed to investigate the deformation of homogeneous sand packs at various fluid pressures. To build the models, we sifted coarse sand (sand 1) through a sieve. Photographs of the deforming models were taken through the glass sidewall. Because of low friction between glass and sand, boundary effects were not very strong, thrust faults had straight surface traces (Figure 7) , and deformation, as observed through the sidewall, was similar to that in the central part of model. Because the material was initially homogeneous, the calculated profiles of fluid pressure, before deformation, are straight lines (Figure 8a ).
[28] For no overpressure (experiment A1), the deformation history was typical of a Coulomb wedge (Figure 9a ).
[29] 1. The average surface slope was steep (about 35°).
[30] 2. Forethrusts propagated from the bottom of the piston to the front of the wedge.
[31] 3. Forethrusts formed and stacked in sequence, older ones becoming inactive as new ones appeared.
[32] 4. All forethrusts were relatively planar.
[33] 5. There were no backthrusts (except against the piston).
[34] At high fluid pressure (experiment A3), the deformation history was markedly different (Figure 9c ).
[35] 1. The surface slope was much less steep (about 13°) and internal deformation was more widespread.
[36] 2. In the early stages of deformation, two forethrusts appeared simultaneously.
[37] 3. Then a horizontal detachment seemed to form near the bottom of the piston.
[38] 4. The next forethrust was steep and rooted into the detachment surface.
[39] 5. Subsequently, the detachment migrated upward through the material, until the latest thrust had become straighter, linking the surface to the bottom of the piston.
[40] 6. The above process repeated. Migration of the detachment and the overlying forethrusts gave a ductile appearance to the deformation. Although at the surface the deformation was clearly localized on stationary thrusts, at depth the deformed layers looked like folds.
[41] 7. Later thrusts reached the surface at distances of 3 or 4 cm in front of the advancing wedge, but older ones remained active.
[42] At medium fluid pressure (experiment A2), the deformation history was intermediate between the two extremes ( Figure 9b ).
[43] 1. The surface slope was about 25°.
[44] 2. Forethrusts formed and stacked in sequence.
[45] 3. Thrusts migrated to some extent through the material.
[46] 4. The last forethrust appeared 4 cm in front of the wedge, above a basal detachment.
[47] 5. There were no backthrusts (except against the piston). 
Series B
[48] Models of series B were multilayered. The basal layer was of small permeability (sand 3) and 10 mm thick. The overlying layer (1.5 cm thick) and the layer next to the sieve (which did not deform) were of coarse sand (sand 1).
The permeability ratio between the two sands was about 4:1. As a result, the predicted pressure profiles in the models were multilinear and the pressure approached lithostatic values beneath the sealing layers of small permeability (Figure 8b ). These sealing layers are easy to identify on photographs ( Figure 10 ) because they appear less grainy than the coarser sand.
[49] For no overpressure (experiment B1, Figure 10a) , the results were similar to those of experiment A1 (Figure 9a) , except that at the end of the experiment, a thrust formed far ahead of the wedge. It probably reflected slightly different mechanical behavior of the fine sand.
[50] At high fluid pressure (Figure 10c) , deformation was radically different from that of series A.
[51] 1. Deformation propagated far from the piston as a series of symmetric pop-ups (between alternating forethrusts and backthrusts), which took root in the layer of small permeability.
[52] 2. The final wedge was long and low and had a very small apical angle.
[53] 3. The first forethrust was soon followed by a backthrust. No such backthrust formed in experiments of series A. [54] 4. After 3 cm of shortening, a thin horizontal crack, 12 cm long, formed in the layer of fine sand ahead of the first pop-up. At its end, a second pop-up formed while the crack sheared, serving as an efficient detachment.
[55] 5. The second pop-up appeared while the first one was still active.
[56] 6. Toward the end of the experiment, deformation reached the opposite end of the box. The first pop-up reactivated and a new backthrust (fault 5) formed behind the second pop-up.
[57] At medium fluid pressure (Figure 10b) , deformation was slightly different.
[58] 1. The first forethrust was not followed by a backthrust.
[59] 2. After 4.5 cm of shortening, a second forethrust formed, close to the first one.
[60] 3. At this stage, a first backthrust appeared (fault 3).
[61] 4. Before the intervening pop-up had amplified significantly, a new planar section of forethrust appeared (fault 4), joining the base of the piston to the free surface.
Series C
[62] Models of series C were similar to those of series B. They differed only in their upper parts, where medium sand (sand 2) replaced the coarse sand. Thus the permeability ratio between the layer of fine sand and the upper layer was smaller (2.3:1). For the same pressure at the bottom of the confining layer, fluid pressure in the upper part was higher than in series B (Figure 8c) .
[63] For no overpressure (results not illustrated), deformation was similar to that of experiment B1.
[64] At high fluid pressure (Figure 11b ), deformation propagated more rapidly.
[65] 1. In the early stages, a pop-up developed (as in experiment B3).
[66] 2. Soon afterward, a second forethrust formed, in front of the first pop-up. As in experiment A3, the thrust migrated slightly through the material, becoming straighter.
[67] 3. A second backthrust developed, more superficially.
[68] 4. By the end of the experiment, as many as 8 faults had formed, but deformation was diffuse and had a ductile appearance. [69] At medium fluid pressure (Figure 11a) , two forethrusts piled up, before a detachment appeared at the base of the fine sand, followed by a distal pop-up.
Discussion
[70] Our results are similar to those of Cobbold et al. [2001] , but our boundary conditions were closer to those of the critical taper model and our experiments had better resolution. We have been able to check some of the predictions of the model and to define some characteristic features of deformed overpressured wedges.
[71] 1. The critical angle of taper depends on the magnitudes of fluid pressure, acting on the basal detachment and within the wedge. Like Cobbold et al. [2001] , we cannot rigorously compare all of our results with Dahlen's theory, because of (1) the uncertainty on l*, (2) the sensitivity of the theoretical solution in situations where m % m b (as in series A), and (3) the difficulty of measuring an average surface slope for our wedges, which probably had not reached steady states. Nevertheless, on the whole, the fit between theory and experiment is reasonable. For example, for experiment B3 (m = 1.2, l = 0.6, m b = 1, l b * = 0.8), the critical taper model predicts a surface slope of 4°and this is close to what appeared (Figure 10c ).
[72] 2. Fault shapes within the wedge depend on permeability contrasts between layers (Figure 12 ). In the homogeneous model (A3), which deformed at high fluid pressure, the first structures to develop were a flat-lying basal detachment and its frontal thrust ramp. However, these then migrated upward through the material, to form a single and more planar thrust fault (Figure 12b ). In the multilayered experiments (B3 and C3), detachments formed readily, beneath or within layers of small permeability, at points where fluid pressures approached lithostatic values (Figure 8 ). Where the permeability ratio was larger (experiment B3), the detachment was more efficient and resulted in a welldeveloped pop-up. Where the permeability ratio was smaller (experiment C3), deformation occurred more readily in the uppermost layer and propagated less far forward. The apical angle of the wedge was therefore bigger, as predicted by Dahlen's theory. In general, the permeability ratio is fundamental, because it determines the ratio of shear resistances [Cobbold et al, 2001 ]. In our experiments, the permeability ratio was no greater than 4:1, but in nature it can be as large as 1000:1 or more.
[73] 3. In experiments at high fluid pressure, deformation localized less readily and less sharply. In the early stages of experiment A3, two forethrusts developed simultaneously. In experiments A3 and C3, thrusts migrated through the material, leaving behind bands of more diffuse deformation that had a ductile appearance. In experiment C3, newer faults appeared in sequence, as older ones became less active. What were the reasons for such behavior? If localization was due to strain softening [Mandl et al., 1977] , then perhaps the softening was less efficient at small effective stresses. Alternatively, localization may have responded to varying overpressures. Unfortunately, we were not able to measure fluid pressures within the models. However, we can calculate them. For thrust zones developing in sand, Colletta et al. [1991] measured an increase in porosity of up to 30%, using X-ray tomography. To a good first approximation, the permeability of a homogeneous sand increases with the square of the porosity [Cobbold et al., 2001 ]. Therefore we estimate that the permeability increased by some 70% in the thrust zones of our models. We have evaluated the effect of such an increase, by means of a simple two-dimensional numerical model for Darcy flow. This shows that thrust faults in sand act as drains, reducing the value of l* at depth by about 10% in the footwall, but by as little as 2% in the hanging wall ( Figure 13 ). The relatively high values of l* in the hanging wall should make it weaker than elsewhere and thus may account for upward migration of faults, as observed in the experiments at high fluid overpressures.
Conclusions
[74] We have used the technique of injecting air into sand, to model the development of thrust wedges where there are fluid overpressures. The models were scaled for stress and for quasi-steady fluid pressure, but not for transitory variations in fluid pressure. We have built a new experimental apparatus, which provides for a horizontally varying fluid pressure, as in the critical taper model of Dahlen.
[75] We have carried out three series of experiments, involving horizontal shortening of homogeneous or multilayered sand, for various gradients of fluid pressure. We were able to follow the deformation during experiments and so collected more information than Cobbold et al. [2001] . The main results follow.
[76] 1. As predicted by the critical taper model, the apical angle of the resulting wedge depends on the overpressure gradients within the wedge and at its base.
[77] 2. In homogeneous sand, at high fluid pressure gradients, deformation becomes diffuse and looks ductile.
[78] 3. In multilayered models, detachments form beneath layers of small permeability, so that thrusts propagate rapidly toward the undeformed foreland. At high fluid overpressures, quasi-symmetric pop-ups form between forethrusts and backthrusts. The efficiency of the detachment and its ease of propagation depend on the fluid pressure, but also on the permeability ratios between the various layers.
[79] Our results have consequences for future studies of accretionary prisms and thrust wedges.
[80] 1. The experiments bear out the predictions of the critical taper model of Dahlen. Like the theory, the experi- Figure 12 . Schematic development of a detachment associated with a thrust. If basal detachment is efficient enough, a backthrust develops and forms a pop-up. Otherwise, detachment migrates through material, to produce a single planar thrust fault. ments illustrate the importance of seepage forces in governing the dynamic equilibrium of a wedge. Numerical models should incorporate such forces, if they are properly to simulate the structural development of a wedge.
[81] 2. In the models where a basal layer had a relatively low permeability, the small apical angle and the quasisymmetric style of pop-ups indicated that the principal stress was nearly horizontal, as predicted by the critical taper model. The structures strongly resembled those visible near the leading edges of accretionary prisms, such as the Nankai prism [G. F. .
[82] 3. The experiments have shown that permeability is a first-order property of the material in a wedge. For an overpressured wedge, permeability is probably more significant than the coefficients of friction. The future success of numerical and physical models will depend primarily on our ability to measure or to estimate permeability in nature [Moore and Vrolijk, 1992] .
[83] 4. The experiments bear out the common observation that basal detachments in nature form beneath sealing layers of low permeability. The question arises as to whether overpressured fluids have their sources beneath those layers (as in our models), or within them. Further observations on pressure distributions and reaction kinetics in natural wedges, and further numerical or physical modeling, are required to answer such questions.
Appendix A: Transitory Variations in Fluid Pressure and Their Scaling
[84] In the Earth's crust, pore fluid pressure tends to increase with depth, as a result of gravity. If the pores are interconnected, the pressure gradient will be hydrostatic. This can be taken as a reference state. Overpressures (or underpressures) can develop, if some mechanism disturbs this reference state. However, abnormal pressures will tend to dissipate, as soon as the generating mechanism stops and provided that the rocks are permeable. In practice, therefore overpressures are likely to be transitory [Neuzil, 1994] .
[85] For the generation of fluid overpressure in situ, several mechanisms have been suggested [Osborne and Swarbrick, 1997; Swarbrick et al., 2002] . They may result from either (1) a reduction in the pore space, due to contraction of the solid matrix, or (2) an increase in the volume of pore fluid.
[86] In a porous elastic material, fluid pressure can vary in space and time, in sympathy with the mean total stress [Ge and Garven, 1992; Neuzil, 1995; Shi and Wang, 1986] :
Here Pj nh is the nonhydrostatic part of the pore pressure (in other words, the overpressure or underpressure) that drives fluid flow, s t is the mean total stress, a b is the bulk compressibility, b s and b express the compressibility of solid grains and pore fluid, respectively, and Q is an internal source of fluid pressure (for example, by gas generation).
[87] Equation (A1) is a generalized equation of diffusion. It expresses the fact that any fluctuation in fluid pressure has three potential contributions. One of them is the source term, Q. Another is the variation in mean stress resulting from compaction:
The third is the pressure gradient, which derives from Darcy's law and governs fluid flow:
Typically, b = 4 Â 10 À10 Pa À1 for water and b s = 10 À11 Pa À1 for solid grains. The bulk compressibility a b , depends mainly on the solid matrix and ranges from 10 À8 to 10 À11 Pa À1 [Ge and Garven, 1992; Shi and Wang, 1986] , depending on the state of compaction. As a first approximation, we shall neglect b s in comparison with a b , so that equation (A1) becomes
Figure 13. Distribution of fluid overpressure around a permeable thrust fault in a sandbox model. Overpressures (contoured for values of lambda) were obtained by solving equations of steady Darcy flow. As in experiments, model was a wedge of sand, 3 cm thick (illustrated), overlying a uniform sand pack, 20 cm thick (not illustrated). Permeability was uniform, except within thrust zone (dark stripe), where it was 70% smaller. Fluid pressure was uniform at upper and lower boundaries (atmospheric at top of model, 3000 Pa at base of sand pack). Lateral boundaries were impervious.
[88] Equation (A2) is valid for elastic deformation. In nature, however, most deformation is nonelastic and irrecoverable. For large deformation, the compressibility, as measured on samples of sediment, is not necessary representative of the overall behavior. Neuzil [1986] has suggested using a higher compressibility, to take this disparity into account.
[89] For equation (A2), we can distinguish two timescales: one (T c ) for the buildup of pressure, and the other (T d ) for its dissipation.
A1. Buildup of Overpressure by Loading Without Drainage
[90] If the load increases quickly (due, for example, to a rapid rate of sedimentation or to tectonic thickening) and the permeability is small enough, T c << T d , and diffusion can be neglected, so that equation (A2) becomes
Here we have assumed that the source, Q, is also negligible. For young and readily compactable sediment, a b >> b, so that equation (A3) integrates to
The scaling of equation (A4) does not imply any strong relationship between values of compressibility for matrix and fluid. Model materials must simply satisfy
Young's modulus for loose and dense sands ranges between 10 and 50 MPa. Thus the compressibility a b is around 10 À7 Pa À1 or less, if we assume irreversible deformation. Water as an experimental pore fluid satisfies condition (A5), because b = 4 Â 10 À10 Pa
À1
. On the other hand, condition (A5) does not hold for air, because b = 10 À5 Pa
, so that from (A3), the change in fluid pressure will be no more than 1% of the change in stress, Ds t .
A2. Dissipation of Overpressure
[91] Now consider that s t is invariant. Equation (A2) becomes
We also assume that Q vanishes and that a b >> b.
[92] Equation (A6) governs the dissipation of overpressure by a diffusion mechanism (Darcy flow). The reference time for this diffusion is
Here, c 0 = (a b0 + fb 0 ). The reference time increases with fluid viscosity, hydraulic resistivity (1/k0 o ) and compressibility. The time ratio is therefore
In their experiments, Cobbold et al. [2001] applied Darcy's law:
The time ratio deduced from equation (A9) is slightly different:
[93] If the elastic properties of the material are properly scaled, we must have g s = g c À1 [Hubbert, 1937] , so that equations (A8) and (A10) become identical. In contrast, if the elastic properties of a model material are not properly scaled, as so often happens in practice [Ramberg, 1967] , equation (A8) may be preferable.
[94] In the preceding paragraph, we have demonstrated that water makes a good pore fluid for modeling the generation of pressure by compaction. By assuming reference values of k m = 5 Â 10 À11 m 2 , k r = 10 À16 m 2 , a br = 10 À8 Pa
À1
, a bm = 10 À7 Pa À1 and g L = 10
À5
, the time ratio is 2 Â 10 À15 . This means that 1 second in an experiment is equivalent to 15 Ma in nature! The reference time for diffusion in a sand model, 3 cm thick, is close to 2 ms, if the fluid is water, and 1.5 ms, if it is air. This means that although we can model the generation of fluid overpressures by a compaction mechanism when the material is very compressible, dissipation is quasi-instantaneous. Thus properly scaled analogue modeling of such transitory phenomena, using air or water as a pore fluid and sand as a brittle material, would seem to be impossible. In addition, it may be difficult to model any changes in permeability during faulting.
